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This study analyzes the rare earth industry to determine what 
degree of vertica l integration is  necessary, desired, and required fo r  
a company to enter and maintain a pro fitab le  position within the rare 
earth industry. The analysis developed in th is  study was based on a 
market survey and investment evaluation. The market survey included an 
analysis of the h istorica l and current rare earth industry in order to 
evaluate and forecast the future supply/demand and market potential of 
rare earths. The investment evaluation was based on the development of 
a base case model which represented the rare earth industry from the 
mining stage to the sale of high-purity end products. An economic 
evaluation was conducted on the base case rare earth model using the 
discounted cash flow rate of return (DCFROR) and net present value 
(NPV) methods.
I t  was concluded that: 1) The high-purity, separated rare earths 
and metallurgical additives had a higher growth potential than the 
growth potential of concentrates and intermediate compounds. 2) A low 
operating cost primary rare earth mine with a substantial reserve base 
is  not nec e ss a r ily  advantageous; whereas, a rare  earth  chemical 
processing plant is  an essential element fo r  entering and maintaining 
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The rare earths are a tran s it io n  subgroup of the periodic table  
and comprise .the 15 elements having atomic numbers 57 (lanthanum) to 
71 (lu te tium ). The close s im ila r ity  of th e ir  chemical properties and 
the tedious methods known for separating them made these elements 
expensive and scarce. Hence, un til recently, very l i t t l e  industrial  
application of the elements was developed. Through continued research 
and development by both government and in d u s try ,  new separation  
techniques were developed. World-wide in terest increased when less 
expensive rare earths became commercially availab le . In the la s t  few 
years, extensive research has greatly expanded rare earth applications  
and markets to the point where the future in f ie ld s  such as metallurgy 
(high-strength low-alloy) and electronics (phosphors) appears rather  
bri ght.
Companies today are interested in d ivers if ica tion  through a t tra c ­
t iv e  investment opportunities. Hence, the purpose of th is  thesis is to 
analyze the rare earth industry and evaluate the p r o f i ta b i l i t y  poten­
t ia l  in th is  industry.
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The methodology consists of a rare earth market analysis, devel­
opment of an industry model including capital and operating costs, and 
an economic evaluation with an associated s e n s it iv ity  analysis. The 
market analysis includes a study of the h istorica l and current indus­
try  with emphasis on the period from 1960 to the present. A discussion 
and analysis of the resources, reserves, and capacity u t i l iz a t io n  
is  presented with respect to the three dominant minerals: bastnaesite, 
monazite, and xenotime, which are major suppliers of rare earths. A 
technology section is  provided to acquaint the reader with the complex 
solvent extraction and ion exchange processes used to separate the 
elements and produce high-quality  compounds. The processing technique 
is  an important point to consider because several elements may need to 
be extracted before the desired element(s) can be produced, thus 
increasing costs. A supply/demand analysis is conducted with respect 
to the major market applications in order to forecast the future  
market potential of rare earths.
This study w i l l  e n ta i l  the development of a base case model 
(including capital and operating costs) to represent the rare earth  
industry from mining the deposit to marketing the end products. The 
model is  d iv ided  in to  various systems in c lud ing  m in in g /m i l l in g ,  
chemical processing, and mining/milling/chemical processing (which 
represents tota l vertica l in teg ra tio n ).
F in a l ly ,  an economic evaluation is conducted to determine the 
p r o f i ta b i l i t y  in entering the rare earth industry. In addition, a
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s en s it iv ity  analysis w i l l  be presented to i l lu s t r a te  the sens it iv ity  






The rare earths, also known as lanthanides, are a series of 15 
chem ically  s im ila r  elements w ith  atomic numbers 57 through 71. 
Yttrium and thorium (atomic numbers 39 and 90) are generally included 
in discussions regarding rare earths because of the close association 
w ith  the lan than ide  elements. Y ttr iu m , in  p a r t ic u la r ,  has many 
chemical properties s im ilar to the lanthanide series.
The f i r s t  seven members of the lanthanide series (La through Eu) 
are often referred to as the cerium subgroup, because cerium is  th e ir  
most naturally abundant member. The remaining eight elements (Gd 
through Lu) together with yttrium  are called the yttrium  subgroup. In 
a s im ilar manner, yttrium  is  the most naturally  abundant element for  
th is  subgroup. The two subgroups are also referred to , respectively, 
as the " ligh t"  and "heavy" rare earth elements.
The chemical properties of the lanthanide elements are dominantly 
influenced by th e ir  electron configuration. As shown in Table 1, the 
t r i p o s i t i v e  s ta te  is  c h a r a c te r is t ic  of the r a re -e a r th  elements.
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Table 1
Rare Earths and Yttrium Valences and Oxides
Atomi c
Element Number Valence Oxide
(La Lanthanum 57 3 La2 0 3
(Ce Cerium 58 3, 4 Ce0 2 Cerium
(Pr Praseodymium 59 3, 4 Pr6 ° l l Group-
(Nd Neodymi urn 60 3 Nd2 0 3 "Light
(Pm Promethium 61 3 PHI2 O3 Rare Earths"
(Sm Samarium 62 2, 3 Sm2 0 3
(Eu Europium 63 2, 3 EU2 O3
(Gd Gadolini urn 64 3 Gd2 0 3
(Tb Terbium 65 3, 4 Tb4 0 7
(Dy Dysprosium 6 6 3 Dy203 Yttrium
(Ho Hoimi urn 67 3 H0 2 O3 Group-
(Er Erbium 6 8 3 Er2 0 3 "Heavy
(Tm Thulium 69 3 T1112O3 Rare Earths"
(Yb Ytterbium 70 2, 3 Yb2 03
(Lu Lutetium 71 3 LU2 0 3
(Y) Yttrium 39 3 y2°3
Source: Spedding and Daane, 1961.
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Consequently, the separation and p u r i f ic a t io n  of the in d iv id u a l  
lanthanides presents a formidable problem, as w i l l  be discussed in a 
la te r  section.
An exhaustive review of the physical and chemical properties of 
the rare-earth elements and compounds is beyond the scope of th is  
dissertation. However, a b r ie f  description of the physico-chemical 
properties of the lanthanides is presented in Appendix A.
Industrial History
The rare earths were f i r s t  recognized as elements around 1750, 
but were not studied in deta il un ti l the turn of the century. The term 
"earths" came from the early chemical term for oxide, since the rare 
earths were discovered as oxides; in  addition, the source material was 
re la t iv e ly  rare, thus the reason for the name.
Because of s im ilar chemical properties, the rare earths were 
not amenable to separation and id en t if ic a t io n  by the more conventional 
techniques then available to chemists. Despite active study, i t  took 
un ti l 1908 fo r  the la s t  of the naturally  occurring lanthanides to be 
id e n t if ie d . The la s t  lanthanide, promethium, was id e n tif ie d  in 1946, 
a f te r  the element had been synthesized by uranium fiss ion . I ts  occur­
rence in nature is  questionable.
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The f i r s t  commercial use of a rare  earth  m in e ra l,  m onazite, 
occurred in 1884. Thorium extracted from monazite was used in the 
manufacture of incandescent mantles fo r  gas lig h tin g . Ceria was needed 
to make the mantle glow properly. This application peaked in 1912, 
being superseded by the advent of e le c tr ic  l ig h tin g . Because of the 
small quantities used, gas mantle production accounted fo r  very minor 
consumption of rare earths.
A la r g e r  commercial ra re  earth  a p p l ic a t io n  was developed in  
1903 by taking advantage of the pyrophoric properties of mischmetal, a 
naturally  occurring mixture of lanthanide metals. Mischmetal was f i r s t  
used in making superior l ig h te r  f l i n t s .  I t  was considered more advan­
tageous from a cost standpoint to commercially u t i l i z e  rare earths in 
natural mixtures rather than in th e ir  separated form, particu la r ly  
since the available techniques required to separate the rare earths 
were extremely laborious and expensive.
Other applications began to emerge in the 1920's when i t  was 
discovered that certain rare earth oxides produced colored glass with 
special properties. Cerium oxide was f i r s t  used as a glass polishing 
medium in  the 1930 's ; subsequently, the value of ra re  earths as 
decolorizer in glass was discovered in the 1940's. A number of metal­
lurg ical applications were developed during the 1950-1960 period. Rare 
earth petroleum catalysts were introduced in the early I9 6 0 's.
Prior to 1960, industria l development and usage evolved slowly. 
The rare earth market was small, and growth was modest when compared
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to market s ize . However, since 1960, the introduction and development 
of new applications has accelerated market growth. In p a r t ic u la r ,  the 
discovery that europium and yttrium  oxides, which were used in color 
TV phosphors to improve color f id e l i t y ,  s ig n if ican tly  stimulated the 
demand fo r  these two oxides.
M onazite, a ra re  earth  m in e ra l,  was the p r in c ip a l  source of 
rare earth oxide (REO). Monazite, however, was a by-product of heavy 
mineral sands and t in  operations. Consequently, the discovery of 
bastnaesite, another rare earth mineral, in 1949 a t  Mountain Pass, 
C aliforn ia  was of s ign if ican t importance. As a result of th is  enormous 
primary bastnaesite deposit being brought into production by Molycorp 
in 1952, the rare earth industry, and p art icu la r ly  Molycorp, promoted 
the use of rare earths in those applications requiring large tonnages.
The mutual growth of the rare earth industry and the Mountain 
Pass operations was no coincidence. I t  was the commercial a v a i la b i l i ty  
of rare earths on a scale f i r s t  made possible by the capacity of the 
Mountain Pass operations that spurred research and development e fforts  
toward new applications fo r rare earths.
Resource Base
The rare earth elements are re la t iv e ly  abundant in the earth 's  
crust when compared to copper, cobalt, lead, zinc, molybdenum, or
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tungsten. However, even the more common rare-earth elements tend to be 
dispersed in nature and are rarely  found in primary concentrations of 
su ff ic ie n t  size and grade to constitute mineable deposits (Adams and 
Staatz, 1973). Hence, knowledge of the lanthanide d is tr ibu tion  in 
minerals from various occurrences and environments is of considerable 
economic importance in the search fo r  specific rare-earth elements.
Mi neralogy
Lanthanides are essential constituents in more than 150 mineral 
species. Lanthanides occur in nature as s i l ic a te s ,  carbonates, phos­
phates, f lu o r i te s ,  and sulfates. Minerals that are actual or potential 
sources of the rare earth elements are presented in Table 2 together 
w ith  t h e i r  chemical com position. I t  is g e n e ra lly  common to  f in d  
radioactive elements such as thorium, uranium, strontium, or plutonium 
associated with lanthanide minerals (Heinrich, 1958, p. 241).
Although rare  earths are found in  several mineral species, 
only three occur in quantities of economic significance: bastnaesite, 
monazite, and xenotime. Bastnaesite has surpassed monazite as the 
preferred rare earth mineral because of supply and processing advan­
tages. Comparative assays of these lanthanide minerals are given in 
Table 3.
Bastnaesite
Bastnaesite, a fluocarbonate mineral, is the major raw material 
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Comparative Analysis of Rare Earth Minerals 
(Percent of Total REO)
Bastnaesite Monazite Xenotime Phosphate
C aliforn ia Australia Malaysia Florid*
Percent Percent Percent Percenl
U 2°3 32.0 2 0 . 2 0.5 25.4
Ce0 2 49.0 45.3 5.0 20.3
Pr6 0 n 4.4 5.4 0.7 5.1
M 2 O3 13.5 18.3 2 . 2 11.9
Sm2 0 3 0.5 4.6 1.9 5.3
EU2 O3 0 . 1 0.05 0 . 2 0.7
Gd2 0 3 0.3 2 . 0 4.0 2.4
^ 4 0 7 1 . 0 0.9
Dy2 o3 8.7 2 . 8
H0 2 O3 2 . 1 0.7
Er2 0 3 0 . 1 2 . 0 5.4 3.6
Tm2 0 3 0.9 0.3
Yb2 0 3 6 . 2 1.4
LU2 O3 0.4 0.5
Y2°3 0 . 1 2 . 1 60.8 18.7
100.0 100.0 100.0 100.0
Source: Moore, 1979; Parker and Baroch, 1971.
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praseodymium, gadolinium, samarium, and europium). The mineral has 
been found in vein deposits, contact metamorphic zones, pegmatites, 
most importantly in carbonatites and related veins, and as a rare  
accessory mineral in igneous rocks. Bastnaesite is usually the desired 
source as i t  contains less than one percent of radioactive elements 
(Heinrich, 1958). Currently, bastnaesite is mined as a primary source.
Monazite
M onazite, a ra re -e a r th  phosphate, is  a major source fo r  the 
l ig h t  rare earths, y ttrium , and thorium. Thorium is  usually present in 
substitution fo r  the rare earth metals, varying in content between 3 
and 9 percent thoria . Monazite has been found as an accessory mineral 
in igneous and metamorphic rocks, vein deposits, and placer deposits. 
Currently, monazite is produced as a by-product of beach sand and t in  
operations.
Xenotime
Xenotime, also a ra re -e a r th  phosphate, is  a major source of 
yttrium  and the heavy rare earths. Xenotime has been found as an 
accessory mineral in  igneous rocks, with monazite in metamorphic 
rocks, and most commonly in placer deposits. Currently, xenotime is  
produced as a by-product of t in  operations.
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Leach Liquors
Although leach liquors from phosphate rock is  not currently a 
rare earth source, the future potential is s ign ificant and, therefore, 
deserves mention. The rare earth content of ap a tite , the principal 
mineral constituent of phosphate rock, is only 0 . 0 1  to 0 . 1  percent by 
weight of the a p a tite . However, the potential fo r  recovery of substan­
t ia l  quantities of rare earth elements becomes appreciable because of 
the enormous tonnages of phosphate rock processed each year. I t  has 
been estimated that the potential annual recoverable rare earths from 
Florida phosphate is approximately 13,000 tons of mixed rare earth 
oxides (Pincock, A llen, & Holt, In c . ,  personal communication, 1980), 
s lig h t ly  less than ha lf  of the world’ s current REO production.
Resources -  Reserves
The rare earth industry is based largely on three main mineral 
sources: bastnaesite, monazite, and xenotime. In regard to the l ig h t  
rare earths, bastnaesite is the principal rare earth source, with 
monazite the second most s ig n if ic an t. Xenotime is  the main source for  
yttrium  and the heavy rare earths. These minerals are extracted from 
deposits in the United States, B ra z i l ,  Russia, Malaysia, India, and 
A ustralia . An assessment of world rare earth and yttrium  resources has 
been compiled by the U.S. Geological Survey and U.S. Bureau of Mines. 
A summary of the reserve estimate is  presented in Table 4.
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Table 4
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Rare earths occur in  a v a r ie ty  of geological environments. 
The more favorable types of environments from an economic viewpoint 
are carbonatites and heavy mineral beach sands.
Carbonatites are igneous assemblages of essentia lly  carbonate 
minerals found in the form of intrusions and complexes along major 
r i f t  zones cutting old stable continental shield areas. The two most 
sign if icant commercial carbonatite deposits are Molycorp*s Mountain 
Pass deposit in C aliforn ia  and RTZ's Palabora deposit in South A frica. 
The deposit a t  Mountain Pass supplies nearly  a l l  o f the w orld 's  
bastnaesite, while Palabora is more concerned with copper production 
although rare earth concentrates have been produced in the past. The 
Mountain Pass deposit contains an estimated f iv e  m ill ion  tons of 
rare-earth oxide (REO), probably 80 to 90 percent of the U.S. reserve 
and the bulk of world reserves. In terest in the carbonatites of East 
Africa (namely Tanzania, Malawi, and Burundi) and Scandinavia (par­
t ic u la r ly  southern Norway) has in the past been noted as a l ik e ly  
source of rare earths. Sporadic production from Malawi and Burundi has 
been reported; however, there was severe competition from Molycorp*s 
Mountain Pass operation. The African operation's major disadvantages 
were high operational costs, lengthy transportation distances, and 
p o lit ic a l  problems.
Most economic e x p lo i ta b le  monazite deposits occur as p lac er  
deposits where monazite is produced as a byproduct from heavy mineral 
sands which are processed fo r  ilm enite , r u t i l e ,  and zircon. Australia
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and Malaysia are major sources of monazite, which is  recovered as a 
byproduct from placer deposits and t in  mine ta i l in g s ,  respectively. 
Brazil and India are major producers of monazite from beach sands; 
however, the B razilian  and Indian governments have restr ic tions  on the 
export of concentrate pr io r  to the removal of thorium. Thailand, a
minor monazite producer, recently resumed rare earth oxide (REO)
exports a f te r  a two-and-a-half year export ban by the Thai government.
A rare vein deposit of primary monazite was mined a t  Steenkamp-
skraal in the northern part of the Cape Province of the Republic of
South A frica . This unique vein deposit was a major source of monazite 
during the 1953-1963 period (Overstreet, 1967).
Sporadic domestic production of monazite from beach p lacers  
occurred in the southeastern United States. Fluvial placer deposits in 
the northwestern United States have been noted to contain monazite.
Xenotime has been produced, together with monazite, from placer 
deposits. However, a majority of xenotime is exclusively produced as a 
byproduct from uranium and t in  processing. Currently, xenotime is  
supplied mainly from Malaysia as a byproduct of t in  production.
Very l i t t l e  exists in  the l i te ra tu re  about China as a potential 
source of rare earths. However, recent issues of World Mining (A rgali,  
October 1979 and January 1980) indicate that resources on the order of 
one b i l l io n  tons of ore grading from 1 . 0  to 6 . 0  percent with high 
grade areas containing 10 percent rare earths ex is t in the Bayan Obo 
iron ore mine in China's Nei Monggol Autonomous Region, 95 miles north 
of Baotou.
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Geological descriptions of the Bayan Obo mine indicate that i t  is  
a r a re ,  o n e -o f-a -k in d  d ep o s it .  Rare earth  mineral types such as 
bastnaesite, monazite, b e iy in ite ,  oborite , and tanta lian  aeschynite, 
have been reported. Locally py r ite , chalcopyrite, galena, sphalerite, 
and molybdenite are also present. Thorium-poor monazite has been 
reported; however, ra d io a c t iv e  m ateria l does e x is t  w ith in  other  
mineral matrices (Lee, 1970).
Some of the more important rare earth deposits of the world are 
shown in Figure 1 and l is te d  in Table 5. The inventory is  not complete 
and estimates of the quantity of rare earth minerals present are not 
available for a l l  deposits. Hence, the 20-mi 11ion-ton rare earth oxide 
resource to ta l given in the table should be regarded as minimal. (The 
Bureau of Mines has estimated to ta l world resources of rare earths to 
be about 47 m ill ion  tons of REO).
The following are among the factors that could greatly influence 
the tota l resource figure:
1) The very large, unreported rare earth resources of the 
Communist countries, notably the U.S.S.R.;
2) The many important, unevaluated deposits, such as the 
th o r ite  veins in the United States and the many 




















































3) The extent to which large, low-grade deposits, such as 
the Blind R iv e r -E l l io t  Lake conglomerates in Canada or 
the Phosphoria Formation of the Western U.S. are con­
sidered; and
4) The reconcentration of sea beach deposits with time.
World reserves of ra re  earths are large  and expected to be 
adequate for consumers for several decades at current rates of demand. 
Hence, there is l i t t l e  incentive at present to search for and develop 
new deposits. However, th is  situation could change rapidly depending 
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A chapter on the mining, m in in g , and chemical processing of 
rare earths is provided to aid in the foundation of cost estimating 
which w i l l  be undertaken in a la te r  chapter.
Mining
Rare earths are currently mined exclusively via surface methods. 
Underground rare-earth  mines have existed, but are generally rare 
because of the high operating costs.
Bastnaesite
Although b as tnaes ite  occurs in several deposits around the  
world, the largest and most thoroughly exploited deposit is  located 
near Mountain Pass, C a lifo rn ia . Hence, this in s ta lla t io n  w i l l  provide 
the base used to describe the beneficiation techniques employed to 
upgrade bastnaesite.
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The Mt. Pass orebody is  currently mined by open-pit methods. 
The average s tr ip  ra t io  is  estimated to be 0.19 to 1. Mining and 
m illing  averages over the la s t  f ive  years, computed subsequent to 
the 1974 expansion, include: 330,000 tpy milled ore, 7 percent REO 
m ill head grade, 70 percent overall recovery, and production of 16,000 
tpy of REO. Ore reserves are estimated at 5 m ill ion  tons containing 7 
percent REO. Probable ore is  estimated at 40 m ill ion  tons ranging in 
grades from 5 to 15 percent.
The mining, m ill in g , and chemical plant are operated on a re la ­
t iv e ly  small scale. Actual mining requires only three to four 35-ton 
trucks used in conjunction with two to three wheeled front end loaders 
with 7-cy. buckets. Mining a t  Mt. Pass is accomplished via a bulldozer 
pushing broken ore from the upper benches to a level where the ore is
loaded into the 35-ton end-dump trucks. The close proximity of the
crushing plants to the orebody allows a mine crew of eight men to
produce 1,800 tons per s h i f t ,  one s h i f t  per day.
The m ill has a designed yearly throughput capacity of 600,000 
tons of ore and a designed annual output capacity of approximately 60 
m illion  pounds of rare earth oxides. The chemical plant has an annual 
capacity to process 30 m ill ion  pounds of REO per year. Currently, 
Molycorp s e l ls  o n e -th ird  o f the REO concentra tes , r e ta in in g  the  
remainder for separation and production of higher purity  products.
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Monazite and Related Minerals
Monazite and xenotime are r a re ly  mined as primary products. 
The majority of monazite is produced as a byproduct of heavy mineral 
sands production, while xenotime is produced from the processing of 
t in  ta i l in g s . Monazite was mined underground in A frica; however, the 
operations proved uneconomic. Grades of p art icu la r  monazite deposits 
range from 0.05 to 0.10 percent with grades reported as high as 2.0 
percent (Overstreet, 1967).
Operating costs are regarded to be re la t iv e ly  low since both 
monazite and xenotime are produced as byproducts.
Processing
The major domestic processors include such companies as the 
Davison Chemical Division of W. R. Grace & Co., Transelco Division of 
Ferro Corporation, Ronson Metals Corporation, Reactive Metals and 
Alloys Corporation (Remacor), and Molycorp of Union Oil Company of 
C alifo rn ia , which is  currently the only v e r t ic a l ly  integrated company, 
from mining ore to the processing of high purity rare earth elements.
Major foreign processors include Rhone-Poulenc of France, Th. 
Goldschmidt AG of West Germany, and an assortment of companies from 
Japan, United Kingdom, B ra z i l ,  Ind ia , Malaysia, and USSR. Appendix B 
contains a l i s t  of major international processors of rare earths.
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The major nondomestic processor of REO is  Rhone-Poulenc a t La 
Rochelle, France, where intermediate compounds to high-purity rare-  
earth elements are produced from monazite and/or bastnaesite concen­
tra te s . The bastnaesite concentrates are purchased from Molycorp, 
whereas, the monazite concentrates are imported from Australia and 
Malaysia. Rhone-Poulenc is highly d ivers if ied  within the rare earths 
industry to minimize risks because of the d i f fe re n t ia l  demand fo r  the 
lanthanides. Rhone-Poulenc's processing technology is  highly advanced 
and cost e f f i c i e n t  as they are the only processor who produces 
a l l  the rare earth elements in high-purity states.
Concentrates of the rare-earth elements must be processed by 
chemical methods to recover usable compounds and to separate the rare  
earth elements from other elements forming the mineral compound and 
from associated im purities. Monazite requires the removal of the 
phosphate anion and the separation of rare earth elements from thorium. 
Sometimes a small quantity of uranium is  present and must be separated 
and possibly recovered. Xenotime also requires removal of the phos­
phate anion. Bastnaesite is comparatively simple to decompose; how­
ever, f luorine must be removed, and intim ately associated mineral 
impurities tend to dissolve along with the rare earth elements (Parker 
and Baroch, 1971).
Many processes have been developed, most of which are designed 
fo r  c e r ta in  m inerals or mineral combinations re q u ir in g  s p e c if ic  
chemical separation. Furthermore, every processor has process v aria ­
t ions, short cuts, or techniques which are regarded as proprietary
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information. Hence, much of the technology fo r  processing the rare  
earth concentrates into intermediate and finished products is covered 
by existing patents. The patents are reported to be more extensive for  
the production of high-purity oxides and metals. I t  would behoove a 
company desiring entry into the rare earth industry to review existing  
patent coverage to consider the p o ss ib ility  of negotiating licensing  
contracts or developing new technology.
Separation of the Rare Earth Elements
For some uses, such as the production of certain types of fe rro -  
cerium or mischmetal, the lanthanides can be used as they occur in 
monazite and b as tn aes ite  w ithout separation in to  the in d iv id u a l  
elements. In other uses, such as the production of certa in  glass- 
polishing or opacifying compounds, only a broad separation into the 
l ig h t  and heavy subgroups is s u ff ic ie n t .  However, the use of certain  
lanthanides for th e ir  specific  properties requires the separation and 
processing of high-purity metals and compounds.
Several separation and p u r i f ic a t io n  methods are a v a i la b le ;  
however, the two most commonly used methods in industry  include  
ion exchange and solvent extraction (also known as l iq u id - l iq u id  
extraction ).
The solvent extraction method has cost advantages because of the 
high degree of automation which requires only a few sk il led  operators,
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and the technique can be used fo r  group or individual element separa­
tions. Disadvantages of the ion-exchange method include the large 
volume of costly resins and chelating agents used during the process, 
th e ir  d i f f i c u l t  recovery, and the requirement of close technical 
control. Nevertheless, ion-exchange methods are s t i l l  used in p i lo t  
plant productions to satis fy  demands fo r  small tonnages of rare earths 
which do not ju s t i fy  the capital investment in equipment fo r  the 
solvent extraction process.
Solvent extraction batteries are assembled from standardized 
equipment, and i t  is therefore possible to modify the separation 
schemes to satis fy  special needs. Operating costs are low fo r  large 
units and high fo r  small capacity in s ta lla t ions  because the same 
number of workers are necessary to operate a battery whatever i ts  
size.
The raw material source, bastnaesite or monazite, is  not neces­
s a r i ly  a major factor in the REO concentrate preparation. However, the 
desired end-product is the controlling factor when designing the 
chemical processing plant. Essentia lly , a d i f fe re n t  c ir c u i t  is  re ­
quired fo r  each desired rare earth product, especially when producing 
high-purity metals and oxides. I f  raw material other than bastnaesite 
or monazite were used, the type of processing would require careful 
scrutiny. Rare earths ex is t in several minerals; however, not a l l  are 
amenable to the same processing techniques (Parker and Baroch, 1971).
The bastnaesite ore at Molycorp's Mt. Pass operation is  benefi- 
ciated to a 60 percent REO concentrate using hot froth f lo ta t io n
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methods. Molycorp has various options a t this point. F i rs t ,  they can 
produce and market unleached bastnaesite (60 percent REO). Second, 
they can leach the concentrate  w ith  hydroch loric  acid  to remove 
c a lc ite ,  producing 70 percent REO concentrate, which can also be 
marketed. F in a lly ,  the leached concentrate can be calcined to remove 
CO2 resulting in a marketable 85 percent contained REO. Prior to 
further refinement, the REO concentrate undergoes processing to remove 
a majority of associated source m aterial. Figure 2 is  a sim plified  
diagram of the sequentia l procedure to process b as tnaes ite  ore .
The process continues by d isso lv ing  the 85 percent REO w ith  
hydrochloric acid to form rare earth chloride in solution. Undissolved 
cerium is  thickened, f i l t e r e d ,  and sent to the cerium c ir c u i t  to 
undergo further processing to produce a marketable cerium concentrate. 
The liq u id  f i l t r a t e  goes to the europium c irc u i t  where, via solvent 
extraction methods, europium is  separated from lanthanum. Samarium and 
gadolinium remain with europium until the europium pu rif ica tion  stage 
where europium is  separated, forming europium oxide. Sodium carbonate 
is added to the europium-free solution to produce gadolinium-samarium 
carbonate. Raffinate from the solvent extraction c i r c u i t ,  which is 
f re e  of europium-gadolinium-samarium, is  processed through the  
lanthanum c ir c u i t  to remove any remaining lead or cerium, thereby 
producing a lanthanum hydrate or carbonate. (Molycorp recently added 
six solvent extraction c ircu its  at Mt. Pass to increase production of 
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Figure 2 . Rare earth  production from bastnaesite  o re . 
Source: P e tr ic k  and o thers , 1973.
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Monazite is  derived as a byproduct from heavy mineral sands 
production. Figure 3 i l lu s tra te s  a sim plified flowsheet of a heavy 
mineral sand separation plant.
Industrial processing of monazite concentrate is  accomplished via 
the acid or a lka line  (caustic) process. Proponents of the acid process 
claim that i t  is the more f le x ib le  of the two processes and is  adapt­
able to a greater variety  of concentrates of d if fe r in g  grades.
The caustic process, on the other hand, has two advantages: I t  
removes the phosphate as readily  marketable trisodium phosphate, and 
i t  presents fewer problems with corrosion than the acid process. 
However, reagent costs are higher fo r  the caustic process than fo r  the 
acid, and f i l t r a t io n  problems increase when the concentrate contains 
less than 70 percent to ta l oxides.
Acid Process
A generalized flowsheet of the acid process is shown in Figure 4. 
Finely ground concentrate is  mixed with concentrated su lfuric  acid 
and heated in gas-fired iron pots. A fter cooling and leaching, the 
ra re  earths and thorium are dissolved as s u lfa te s  in s o lu t io n .  
S il ic a ,  r u t i l e ,  ilm enite , zircon, and other insoluble minerals are 
separated from the solution by f i l t r a t io n .  Sodium pyrophosphate is 
added to prec ip ita te  thorium from solution. Subsequently, the rare  
earth elements are e ither  precipitated as a double sulfa te  s a lt  by 
reacting with a sodium sulfa te  solution or as the rare earth oxalate 
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Figure 3 . Flowsheet o f heavy m ineral sand separation p la n t.
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Figure 4 . Generalized flowsheet o f the acid process fo r  
tre a tin g  monazite
Source: Parker and Baroch, 1971, pg. 46.
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The double s u l fa te  s a l t  is  s ta b le ,  in so lu b le  in w ate r , and 
provides a good intermediate rare earth product, because i t  is easy to 
store or process fu r th e r .  The double s u l fa te  can be hydrated by 
reacting with caustic soda making another convenient intermediate 
product. This product can then be processed to form other salts or 
treated with hydrochloric acid to form the chloride.
An a lternative  method in the acid process features the early  
removal of phosphate from the sulfate  solution. Such a solution is  
more suitable fo r  cleaner separations in the la te r  stages (P o ir ie r  and 
Apgar, 1976).
Caustic Process
F in e ly  ground concentrate  is  mixed w ith  ho t, concentrated  
sodium hydroxide. The reaction produces insoluble hydroxides of rare 
earth elements and thorium, leaving trisodium phosphate in solution to 
be recovered by c ry s ta ll iza t io n  from the f i l t r a t e .  A fter d ilu tion ,  
f i l t r a t io n ,  and washing, the hydroxides are treated with hydrochloric 
acid. The rare earth hydroxide dissolves leaving s lig h t ly  contaminated 
thorium hydrate which is  recovered by a stronger acid solution. ( I f  
strong n i t r ic  acid is  used, the thorium may be recovered by tr ib u ty l  
phosphate [TBP] solvent ex trac tion .)  The rare earth chlorides can be 
recovered by evaporation and the hydroxides reprecip itated, or the 
so lu t io n  may pass d i r e c t ly  to  the in d iv id u a l ra re -e a r th -e le m e n t  
separation stage (Parker and Baroch, 1971).
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Metal and Alloy Production
The preparation of high-purity rare-earth metals is d i f f i c u l t  
because the metals have high melting points that range from 800°C 
for  cerium to 1,650°C fo r  lutetium, and a l l  are exceedingly reactive  
when molten (P o ir ie r  and Apgar, 1976). They have a strong a f f in i t y  for  
oxygen, and a large amount of energy is  necessary to decompose th e ir  
compounds (P o ir ie r  and Apgar, 1976). Current processes fo r  producing 
these metals involve e ith e r  the e le c tro ly t ic  process or metallothermic 
reduction with active metals such as sodium, calcium, magnesium, or 
low-melting rare-earth elements.
Cerium, lanthanum, didymium, and mischmetal are produced, via the 
e le c tro ly t ic  process, from rare-earth  chloride or oxide. Mischmetal, 
which is  produced in the largest quantities, does not need to be of 
high purity fo r  i ts  major uses, in particu la r , steel a lloying.
The oxide e le c tro ly t ic  process is a lower cost operation than 
the chloride process. Approximately 3 1/4 pounds of chloride are 
needed to produce one pound of ra re  earth  m eta l. Molycorp s e l ls  
rare earth chloride for 70# per pound (89# per pound i f  europium 
and samarium have been separated out). The table on the following page 
compares e le c tro ly t ic  processing costs (Source: Luyckx, personal
communication, 1980):
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Oxide Process Chloride Process
Raw Material 








Total Cost $2.75/1 b mm $3.88/1b mm
The c u rre n t s e l l in g  p r ic e  o f mischmetal is  $4.50 per pound. 
Hence, the example i l lu s tra te s  the lower costs associated with misch­
metal production via the oxide route.
Having presented a b r ie f  description of the various beneficiation  
techniques employed in processing rare earth minerals, th is  w i l l  
provide the foundation fo r  capital and operating cost estimates which 




The applications of the mixed and individual rare earth elements 
and compounds are many and diverse. A summary of the majority of these 
applications is  presented in Table 6 .
A p p lic a t io n s , by volume, of ra re  earths are s h i f t in g  toward 
metallurgical uses. This s h if t  is due prim arily to expansion and 
acceptance of rare earth additions in high-strength, low-alloy steels. 
Table 7 shows an approximate world wide historica l d is tr ib u tio n , on a 
volume basis, of rare earths by end use.
The in tent of th is  chapter is  to provide a b r ie f  description of 
the major applications of rare earths.
Catalysts
The use of rare-earths in cracking catalysts to increase the 
y ie ld  of gasoline from petroleum feedstocks has h is to r ic a l ly  been the 
largest consumer of rare earths. However, the market share has been 
declining and i t s  future share is  expected to fu rther decline.
Mixtures of lanthanum, neodymium, and praseodymium chlorides 
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Historical Market Distributions  
(Weight percent on REO basis)
1975 1976 1977 1978 1979
Metallurgy 45 32 34 32 42
Catalysts/Chemicals 36 38 39 32 26
Glass/Ceramics 17 28 26 35 31
Phosphors/Electronics 2 2 1 1 1
Source: Cannon, 1980, E&MJ, V. 181, No. 3.
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production of catalysts for petroleum re fin ing . Rare-earth chlor­
ides also are used as catalysts to recover chlorine from byproduct 
hydrochloric acid. Rare-earth phosphate, composed of e ither  lantha­
num or cerium, is  used as a cata lyst to produce creosol and xylenol. 
Cerium is  an e ffec tive  catalyst component in hydrocarbon oxygenation 
reactions, such as in self-c leaning ovens.
Ceramics/Glass
Cerium and mixed rare-earth oxide powders are used extensively in 
polishing eyeglasses, camera and instrument lenses, te lev is ion  face 
plates, mirrors, and p late glass, although i ts  use in polishing plate  
glass has been reduced by the introduction of the Pilkington f lo a t -  
glass process (Moore, 1979).
The use of certain rare-earth elements as ingredients in the 
glass is becoming increasingly important in the glass industry. For 
example, cerium oxide is  used as a glass decolorizer; neodymium oxide 
absorbs u l t ra v io le t  l ig h t ;  and cerium oxide in glass inh ib its  food 
spoilage in transparent containers.
Cerium oxide prevents discoloration due to radiation in t e le ­
vision tube glass and is  also used in windows for nuclear reactors. In 
optical uses, lanthanum oxide increases the re fractive  index and 
decreases dispersion (Parker and Baroch, 1971).
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A ceramic material containing 90 percent yttrium  oxide and 10 
percent thorium oxide is used fo r  windows in high-temperature fu r ­
naces, microscope lenses fo r  the study o f molten m a te r ia ls ,  and 
high-intensity incandescent and discharge lamps. Crucibles composed of 
yttrium  oxide are used fo r  vacuum and in e r t  gas melting of reactive  
metals, such as titanium. Yttrium oxide s tab ilizes  zirconia and forms 
one of the best high-temperature, high-strength, and thermal-shock -  
resistant refractory compositions, which is stable under many condi­
tions of oxidation and reduction at elevated temperatures (P o ir ie r  and 
Apgar, 1976).
Electroni cs/Phosphors
Yttrium-ion garnets (YIG) and gadolinium-ion-garnets (GIG) are 
widely used as f e r r i te  materials in microwave applications. Lanthanum ' 
and neodymium are used indiv idually  in capacitors; the oxides of the 
two elements a l te r  the temperature-compensating, d ie le c tr ic ,  and 
permeability properties of the various barium t ita n a te  ceramic compo­
sitions for capacitors (Parker and Baroch, 1971).
Yttrium-aluminum-garnets (YAG) are used as simulated diamonds and 
as host crystals for lasers. Neodymium-doped YAGs produce shortwave 
length laser beams that are useful in cutting and scribing semicon­
ductors and fo r  d r i l l i n g  and weld ing . Erbium- and holmium-doped 
crystal lasers are used in eye operations. Neodymium-doped glasses are
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also used as lasers; currently they are being evaluated as energy 
sources in laser-fusion research. Gadolinium-gallium-garnets (GGG) in 
th in - f i lm ,  magnetic bubble memory systems are used in communication 
and computer systems.
Europium oxide in combination with yttrium  oxide or yttrium  oxy- 
sulfide is used in phosphors to provide the red in color te levis ion  
picture tubes. Terbium-activated gadolinium or lanthanum oxysulfide 
phosphors are used to in tensify  X-ray images. Phosphor uses, espe­
c ia l ly  for X-ray in ten s if ica t io n  and in fluorescent lamps, are ex­
pected to s ig n if ican tly  increase.
Europium and yttrium , as separated and high-purity rare earths, 
currently account for the greatest do lla r  volume of business. Moly- 
corp, fo r instance, bases th e ir  operation and economics on europium 
separation and marketing (Molycorp, personal communication, 1980).
Nuclear
The high neutron-absorption cross section characteristics of 
several rare-earth  elements have led to th e ir  use in control rods 
in commercial nuclear power generators. Of p art icu la r  in te re s t are the 
oxides of europium, gadolinium, and samarium. Although more costly , 
europium is  considered the best, because i t  has a slower burnup than 
the others due to i ts  greater number of absorbing isotopes (Industria l  
Minerals, 1979).
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Yttrium metal, with i ts  high melting point, low density, and high 
absorption capacity fo r hydrogen, is  suitable fo r use as a material in 
reactor structures. However, in the nuclear f ie ld  yttrium  must compete 
with cheaper, more commonly used metals, such as zirconium, aluminum, 
and stainless s tee l. Nevertheless, the use of rare earth elements in 
control rods for nuclear power plants is anticipated to increase 
steadily .
Metallurgical Applications
The largest metallurgical use for mixed rare-earth compounds is 
in the production of mischmetal. This alloy is  used alone or mixed 
w ith  metals such as aluminum, magnesium, or thorium . Rare earth  
elements have been t r ie d  in many m etallic  systems, mostly in attempts 
to reduce britt leness  and nitrogen absorption, and to increase d u c t i l ­
i t y  and high-temperature corrosion resistance.
The steel industry uses mischmetal as a sulfide inclusion shape 
control agent to provide cleaner s tee l. Presently, 80 percent of the 
rare earths consumed in steelmaking are added to ingot molds, while 2 0  
percent are used in ladle treatment (Luyckx, personal communication, 
1980). The most e ffec tive  ladle treatments use a canister plunging 
technique. Since rare earths oxidize read ily , care must be taken to 
add them to fu l ly  deoxidized s tee l. Following the addition, care must 
also be exercised to avoid reoxidation of the melt, as oxygen w i l l  
attack the rare earths (Luyckx, personal communication, 1980).
T-2320 44
Major growth in usage of mischmetal in  the s tee l in d u s try ,  
as an inclusion shape control agent, is expected to increase dramat­
ic a l ly .  This growth is  predicted despite a trend toward usage of 0.75 
lbs of mischmetal per ton from the current treatment level of 1.5 
lbs/ton . In the very long run, rare earths could be used to reduce Mn 
requirements in steel should a U.S.S.R. or South African manganese 
embargo occur (Luyckx, personal communication, 1980).
In ferrous metallurgy, small additions of mischmetal, fe rro -  
cerium, or cerium (or cerium oxides and sa lts ) deoxidize and desul- 
fu r ize  low-carbon and low-alloy steels and improve the low-temperature 
impact properties of low-alloy steels of the nickel-chromium-molybde- 
num type used in armor plate  and gun barrels (Moore, 1979). Rare-earth 
additions improve the hot workability of certain steels and refine  the 
grain size of high-chromium steels which usually have excessive grain 
growth at elevated temperatures. Also, the f lu id i ty  and d u c t i l i ty  of 
cast steel is  improved by the addition of rare earth elements. The use 
requiring the improvement in physical and ro ll in g  properties of the 
steel was stimulated by the need for large-diameter pipe fo r the 
transportation of petroleum products in hostile environments, such as 
those found in Arctic regions and offshore areas. Rare earths are 
added to h ig h -s tre n g th ,  lo w -a l lo y  (HSLA) s te e ls  which are being 
increasingly used in the automobile industry as structural components 
and in l ig h te r  weight sheet applications. Although the m etallic  or 
a l lo y  forms are more expensive, they are more s a t is fa c to r y  than
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compounds because they add l i t t l e  or no oxygen and do not require the 
addition of a reducing agent (Luyckx, personal communication, 1980).
Rare earths are also used in the production of ductile  cast iron. 
This use is  growing due to demand fo r ductile  iron pipe fo r  water 
transmission systems and fo r  quality  castings required by the automo­
t iv e  and farm equipment industries.
Mischmetal is  alloyed with iron to impart strength, hardness, and 
britt leness  for producing ferrocerium l ig h te r  f l i n t s .  The addition of 
neodymium and yttrium  hardens magnesium alloys, and the addition of 
rare earth elements improves magnesium-zinc a lloys. Yttrium improves 
d u c t i l i ty  in ord inarily  d if f ic u lt - to -w o rk  metals such as vanadium, 
columbium, tantalum, and molybdenum. Yttrium promotes workability and 
acts as a gra in  r e f in e r  and improves res istance  to ox id ation  of 
superalloys a t elevated temperatures, such as those found in j e t  
engi nes.
The use of rare-earth metals including cerium, praseodymium, 
samarium, and mischmetal in permanent magnets is rapidly expanding 
because they can be easily fabricated by powder metallurgical methods. 
These magnets, which are two to th ree  times stronger than other  
magnets, are used in e le c tr ic  w ris t watches, tachometers, traveling
wave tubes, l in e  prin ters , and e le c tr ic  motors and generators. A l­
though samarium is  currently in high demand, i ts  use in permanent
magnets is  expected to decline because samarium is  in short supply and
expensive. I ts  use in magnets is gradually being replaced with less
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expensive mischmetal or r a re -e a r th  metals which provide s im i la r  
alloying q u a lit ie s .
Other Uses
Applications fo r  high-purity rare earths are steadily  increasing. 
The major f ie ld s  using high-purity lanthanides include the electronic  
and metallurgical applications. Electronic applications consist of the 
addition of high-purity materials in  phosphors, permanent magnets, and 
magnetic-bubble memory systems. Metallurgical uses consist almost 
exclusively of adding high-purity materials to metals and alloys to 
improve d u c t i l i ty .  Various uses, however, are lim ited  by economic 
reasons. Nevertheless, an increasingly s ign ificant amount of research 
and development is  continually being conducted by industry to increase 
the potential applications and growth for high-purity lanthanides.
Most of the applications mentioned thus fa r  have been primarily  
oriented toward the l ig h t  rare-earths while l i t t l e  has been mentioned 
about the heavy rare-earths. Although lim ited information exists in 
the l i t e r a t u r e ,  in d u s t r ia l  and government sources in d ic a te  th a t  
proprietary industria l research, related to increasing the applica­




Marketable ra re  e arth  products are e s s e n t ia l ly  d iv ided  in to  
two groups. The f i r s t  group ranges from concentrates to intermediate 
compounds. The second group consists of high-purity compounds and 
metals.
Marketable products of the f i r s t  group include bastnaes ite  
concentrates available as unleached (60 percent REO), leached (70 
percent REO), and calcined (85 percent REO) bastnaesite. Monazite is  
available as concentrate containing 55 to 65 percent REO. Xenotime 
concentra te , a y t t r iu m  source, is  a v a i la b le  as 25 percent Y2 O3 . 
Uranium-processing residues conta in  about 25 percent REO and 25 
percent Y2 O3 . In te rm ed ia te  compounds include various separated  
mixed rare earth hydrates and chlorides, mischmetal, and rare earth 
s il ic id e s . Alloys such as mischmetal and rare earth s i l ic id e s  are 
marketed in the form of lumps, sponge, and ingots.
High-purity rare earth compounds, metals, and alloys are marketed 
under a variety of company trade names or sold by purity  designations 
( i . e .  95%-99.999%). High-purity metals are marketed in the form of 




There has always been a d i f f e r e n t ia l  demand fo r  the various  
individual rare earth elements. Consequently, th is creates a supply- 
demand imbalance among the rare earth elements mainly because of the 
nature of the extraction process. One element cannot be extracted  
without coproducing other rare earth elements of greater or lesser 
value. Hence, large surpluses of certain lanthanide elements ex is t for 
which there is l i t t l e  or no demand.
Currently, the United States is the world's largest producer 
of rare earth elements and exports large quantities of rare earth 
concentrates, compounds, and metals. Monazite from Australia and 
Malaysia and rare earth chloride from India and Brazil are imported to 
meet the needs of certain domestic lanthanide processors. High-purity, 
rare earth metals and compounds are imported from Japan and Western 
European countries.
The United States, A ustra lia , India, Malaysia, B raz il ,  and the 
U.S.S.R. account fo r  more than 95 percent of to ta l world REO produc­
t io n . The United States alone produces about ha lf of the world output. 
Bastnaesite constitutes more than ha lf  of the to ta l world output of 
rare-earth elements; monazite comprises most of the rest. Prior to 
1978, most domestic pu rif ied  yttrium  was extracted from imported
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yttr ium -rich  residues that were recovered during the processing of 
certain Canadian uranium ores. However, in 1978, the Canadian process­
ing f a c i l i t y  was closed because of high operating costs. Henceforth, 
Malaysian xenotime is expected to become the major source of yttrium .
Monazite and bastnaesite producers for the most part appear to be 
content to se ll th e ir  concentrates to primary-mineral processors. 
Molycorp is the only producer to d iversify  into the processing and 
refin ing of end products. The other major processors, both domestic 
and foreign, have depended upon raw material sources purchased from 
the few primary-mineral producers in the world.
Although i t  would appear that there should be certain advantages 
to in tegration , i t  is  not as prevalent as one would imagine. Molycorp 
and Rhone-Poulenc are perhaps the most integrated, but neither have 
achieved fu l l  in tegration. Molycorp does not produce a fu l l  range of 
rare earth products, and Rhone-Poulenc does not have a captive mine
source. These two companies are generally regarded as the most im-
/
p o rta n t in the Western World ra re  earth  industry  and m e ri t  some 
consideration.
Molycorp's principal rare earth asset has to be th e ir  bastnaesite 
deposit a t Mountain Pass, C a lifo rn ia . This property is  a low cost, 
open-pit operation, with a large reserve base; and production re ­
portedly can be expanded without undue e f fo r t .  On a volume basis, 
t h e i r  sales are p r in c ip a l ly  in  the area of REO concentrates and 
combined RE chemicals (Molycorp, Annual Reports, 1972-1976; Union Oil
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Company of C a lifo rn ia , Annual Reports, 1977-1979). Molycorp is the 
most important supplier of combined RE concentrates and chemicals for  
further processing by other producers of rare earth products. Moly­
corp, however, does produce separated rare earth chemicals and empha­
sizes recovery of europium oxide fo r the color TV industry. Recent 
reports indicate th a t, in the future, some emphasis w i l l  s h if t  to 
samarium recovery (Union Oil Co. of C a lifo rn ia , News Release, 1980).
Rhone-Poulenc is highly regarded for th e ir  rare earth chemical 
processing c a p a b il it ies . I t  has been stated that they are the only 
company that is capable of disassembling a rare earth concentrate 
element by element (Rhone-Poulenc, personal communication, 1980). 
Rhone-Poulenc can process e ith e r  bastnaesite or monazite but prefers 
the la t t e r  mineral because of i ts  cost advantage. Accordingly, they 
are capable of dealing with and disposing of the radioactive material 
that is generally associated with monazite. Furthermore, they have 
a comparatively large well staffed and equipped laboratory that is 
involved in both process and application research and development on 
rare earths.
Because monazite is  a byproduct a v a i la b le  from a d iv e r s i ty  
of sources, companies l ik e  Rhone-Poulenc can successfully process 
lanthanides without controlling a mine source. As a large primary 
producer competing with a diverse number of byproduct producers, 
Molycorp generally must be considered as a supplier of la s t  resort 
(Moore, personal communication, 1980). That means monazite w i l l
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generally c lear through the marketplace f i r s t ;  and, whenever demand 
softens, bastnaesite rather than monazite production cutbacks w i l l  
preva il .  Under normal market conditions, bastnaesite w i l l  se ll a t a 
premium with respect to monazite. The premium would be established in 
recognition of the problems and extra costs associated with monazite 
processing.
The production and capacity of rare earth oxide (REO) is  pre­
sented in  Table 8 . As noted from the tab le , only 60 percent of capac­
i ty  is  being u t i l iz e d .  Demand has been increasing fo r  p articu lar  rare  
earth elements ( i . e . ,  samarium and gadolinium). Although capacity 
u t i l iz a t io n  is expected to increase, there w i l l  s t i l l  be a substantial 
underutilization of capacity.
Monazite-xenotime concentrates of domestic and foreign origin  
are expected to be the principal sources of yttrium  and heavy rare 
earths. However, an adequate domestic supply of both yttrium  and the 
heavy rare earths is  possible from the processing of phosphate rock i f  
substantial demand should develop.
World reserves of ra re  earths are large  and expected to  be 
adequate for consumers for several decades a t current rates of demand. 
This s ituation , of course, could rapidly change depending on research 
development and advanced industria l technology in developing new uses 
and markets. Markets need to be expanded to a l le v ia te  the excess 
quantities of rare earths that accumulate, because of the nature of 
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Demand
Although the consumption pattern varies from country to country, 
most rare earths used by industry are consumed in the form of com­
pounds containing special mixtures of rare-earth elements. More than 
h a lf  of U.S. consumption is  in the form of individual or special 
mixture compounds such as chlorides, hydrates, and oxides. Natural-  
ra tio  mixtures of rare-earth elements are mainly consumed in the 
production of s i l ic id e  alloys and mischmetal. Consumption of natural-  
ra tio  mixtures has increased but, percentagewise, use in th is  form 
appears to be decreasing.
As mentioned e a r l i e r  in  th is  chapter , ra re  earth  marketable  
products are divided into two groups. The f i r s t  group, consisting of 
concentrates and intermediate compounds, provides a base which lends 
s ta b i l i ty  to the rare earth market. The second group (made up of 
high-purity rare earth compounds, metals, and alloys) is  less stable. 
Therefore, i t  is more d i f f i c u l t  to predict future market demand.
The f i r s t  group accounts fo r  the la rg e s t  weight percentage 
of sales, but a re la t iv e ly  small fraction of do llar  sales. Conse­
q u en tly , the second group consists  of a market ch a ra c te r ize d  by 
comparatively small annual tonnage sales with higher un it  prices which 
contribute to larger d o lla r  volumes. Table 9 shows the relationship  
between market d is tr ibution  and d o lla r  volume during 1979.
T-2320 54
Table 9











Market demand Indicates a continued increase in usage depending 
prim arily on technological advances, minimal substitutions by other 
m aterials, and the expansion of markets for those less demanded rare  
earth elements that accumulate as a result of the extraction process. 
The anticipated decline in growth fo r  rare earths in the United States 
in established uses such as petroleum refin ing is  expected to be 
p a r t ia l ly  o ffse t by the rapid growth in demand for rare earths in 
high-strength low-alloy steels, phosphors, and other high-purity  
uses.
Opportunities for increasing consumption of rare earths in the 
rest of the world appear to be as good or better than in the United 
S ta te s . In p a r t ic u la r ,  major growth is expected in the iro n  and 
steel industries where rare earth treatment in the production of 
ductile  iron and HSLA steels has gained international acceptance 
(Luyckx, personal communication, 1980). Since several consumer goods 
contain rare earths in one form or another, consumption of rare earths 
is expected to increase in th is  area as foreign populations increase. 
Although the use of rare earths in foreign petroleum refin ing is  
expected to in crease , the growth ra te  w i l l  probably be small as 
petroleum refin ing w i l l  eventually be curta iled by the use of other 
forms of energy.
Historical world demand figures are not readily availab le; par­
t ic u la r ly  foreign demand. However, Moore (personal communication, 
1980) of the U.S. Bureau of Mines in Washington, D.C., indicated that
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world demand closely para lle ls  world production. Based on th is  assump­
tion and the Bureau of Mines h istorica l data, a world demand forecast 
was made for REO using the Least Squares time series method. The 
results are i l lu s tra te d  in Table 10. The Bureau of Mines forecast is 
presented in Table 11 for comparison.
Table 10 requires some explanation. Since the time series analy­
s is is  based only on h is to r ic a l  data , th is  author f e l t  th a t  the
expected increase in  demand by foreign countries was not adequately 
accounted fo r  in  the "Probable" category. Hence, the "Possible"  
category was developed by the author as an estimated guess to show the 
increased foreign demand.
Various annual growth rates in Table 10 were derived to i l l u s ­
tra te  the expected future growth ra te . Growth rates from 1979 are 
shown because 1979 was the la s t  year in which annual data was a v a i l ­
able. The base year of 1977 was used in order to compare the results
to those calculated by the Bureau of Mines.
The Bureau of Mines forecasted growth rate (1977-2000) is  6.1 
percent as compared to th is  author's forecasted growth rate ( fo r  the 
same period) ranging between 3.3 to 3.7 percent. The highest demand
forecast in Table 10 (68,000 short tons of REO) corresponds to the
low forecast range in Table 11. This seems to be a reasonable REO 
demand based on current s ta te -o f- th e -a r t  technology and uses. Histor­
ical growth rates have averaged between 2 .5 -3 .0  percent. Hence, i t
does not seem r e a l is t ic  tha t the expected use of rare earths in HSLA
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Table 10 




United States 22,700 32,700 32,000
Rest of World 18,500 31,000 36,000
Total World 41,200 63,700 68,000





























Probable Average Annual Growth Rate: 
1. 1977-2000: 6.1%
Source: Moore, 1979, p. 14.
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steels, phosphors, and other high purity uses w i l l  command an overall 
average growth rate  as forecasted by the Bureau of Mines. Of course, 
industria l research and development could change the en tire  demand 
scenario by creating markets fo r  those rare earths currently in lesser 
demand or through substitution of rare earths fo r  other elements.
Substitutes
A p p lications  of the ra re  earth  elements have many p o te n tia l  
substitutes. However, in most instances, the substitutes are s ig n i f i ­
cantly less e ffec tive  than the rare earth elements (Fallon, personal 
communication, 1980). In carbon-arc electrodes, iron and calcium 
fluorides have been used in place of rare earth compounds.
Palladium is  a substitute fo r  rare earth elements in catalyzing  
petroleum-refining processes. Compounds such as calcium phosphate, 
a lum inate , tu n g s ta te , or thorium dioxide can be s u b s t itu ted  fo r  
yttrium  as host material in phosphors for color te lev is ion (Moore, 
1979).
On the o ther hand, s tee l companies c u r re n t ly  using calcium  
and magnesium for steel desulfurization are also adding mischmetal for  
inclusion shape control. Apparently, the calcium/magnesium additives  
are not giving consistent inclusion shape control (Luyckx, personal 
communication, 1980). Luyckx is  also of the opinion th a t, in the very 
long term, rare earths could be used as a substitute for manganese in
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stee l. A U.S.S.R./South African manganese embargo could move the 
Free World in  th is  d irection.
T a r if fs  and Taxes
As of January 1, 1980, new t a r i f f  agreements were made between 
the developed nations of the world. The agreements placed a majority 
of the nations on a most-favored-nation status. This results in lower 
rates being phased in over an eight year period beginning January 1, 
1980 (Moore, 1980, p. 735). The new t a r i f f  schedule is shown in Table 
12.
Domestic monazite has a 22 percent depletion allowance; 14 per­
cent on fo re ig n  production. A ll o ther ra re  earth  m inera ls , both 
domestic and foreign, are e l ig ib le  for a 14 percent depletion allow­
ance.
Prices
As mentioned e a r l i e r  in  th is  chapter, marketable ra re  earth  
products are divided into two groups. Hence, the price structure is  
also divided into two t ie rs  as i l lu s tra te d  in  Table 13.
The price d i f fe re n t ia l  between monazite and bastnaesite re flects  
the fact that monazite is a byproduct. Bastnaesite has tended to 
replace monazite as the raw material source for the rare earth indus­
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because i t  has processing advantages, higher rare earth oxide content 
in the concentrates, and, for  several applications, a more useful mix 
of rare earth elements (Moore, 1979).
The price of the f i r s t  group of rare earth products, comprised 
of concentrates and intermediate compounds, has remained f a i r ly  steady 
over the la s t  twenty years providing s ta b i l i ty  to the market. The 
overall trend in price for this group has increased a t  an average 
annual rate  of 3.5 percent from 1954 through 1979 (based on historical 
figures from the U.S. Bureau of Mines). However, as shown in Table 13, 
there has been a substantial increase in price re flec tin g  an increase 
in demand for certain  rare earths ( i . e .  samarium and gadolinium), and 
operating and energy cost increases.
On the other hand, prices regarding the second group, comprised 
of high-purity rare earths, have experienced v o la t i le  prices as a 
resu lt of the imbalance in demand fo r  these products.
Market Opportunities
A rare earth industry market diagram is  presented in Figure 5. 
This diagram presents estimates of rare earth production/consumption 
volumes (as REO equivalent) and estimated revenues a t  various stages 
in the industry. Estimated growth rates for principal applications are 
also provided. I t  is important to note that these data are based on 
somewhat imprecise information and should be viewed more in a q u a lita ­
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The principal areas of growth for rare earths include the iron 
and steel industry and the industria l applications of high-purity rare 
e a rth s . The iron and s tee l in d u s try 's  use o f ra re  earths in the 
production of HSLA steels is  becoming increasingly accepted. The major 
growth is the usage of mischmetal as an in c lu s io n  shape contro l  
agent.
Probably the most lucrative  and potential market fo r  expansion 
is the industria l application of high-purity rare earth elements. Such 
technically  advanced uses include magnetic-bubble memory systems for  
use in communication and computer systems, permanent magnets, phos­
phors, and a host of other high-purity uses in the metallurgical and 
electronic industries.
The consumption of rare earths in petroleum refin ing is  expected 
to d ec line  in the in d u s t r ia l iz e d  nations because the demand fo r  
petroleum is expected to be curta iled  by the use of other forms of 
energy. This is p a rt icu la r ly  true fo r  the United States, as the United 
States is  the largest single consumer of rare earths for c a ta ly t ic  
cracking in petroleum refin ing .
I t  is  necessary to  p o in t  out th a t  any ra re  earth  concentate  
production from new mine sources entering the Western World market 
would d irec tly  compete with Molycorp bastnaesite concentrate. In view 
of the market structure, i t  is  reasonable to assume that demand for  
REO concentrate is very in e la s t ic .  Hence, the introduction of addi­
tional concentrates in Western World markets would tend to destabilize  
prices.
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While the markets fo r the lower cost mixed rare earth products 
w il l  continue to expand a t a pace dictated by economic conditions, the 
market fo r  the separated, high-purity rare earth compounds or metals 
w il l  undoubtedly provide a major portion of the true growth of the 
rare earth industry. This expected growth in do lla r  volume of the 
high-purity products does not p a rt ic u la r ly  favor the development of 
new mineral deposits but does favor the expansion or acquisition of 
existing separation in s ta lla t io n s .
A more rigorous economic ana lys is  w i l l  be developed in the 
following chapters to determine what degree of vertica l integration is  
necessary or required to enter and maintain a pro fitab le  position  
within the rare earth industry.
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CHAPTER 6
RARE EARTH INDUSTRY COST MODEL DEVELOPMENT
An analysis of any corporate investment requires three basic
steps: information gathering, economic analysis, and an ite ra t iv e
process involving management review. A decision by the executive 
management must be made regarding what commodity industry  would
improve the p r o f i ta b i l i t y  of th e ir  company based on assessments of the
future supply, demand, p rice , and market potential for  the commodity. 
Hence, su ff ic ie n t information must be gathered and properly analyzed 
such that management can decide:
1) To go with the investment,
2) To re jec t the investment,
3) To postpone the decision un til market conditions 
become more favorable.
A systematic procedure should then be developed to provide an 
input-analysis/decision-making sequence to be ite ra ted  a number of 
times based on the economic and strategic objectives of corporate 
management. The f i r s t  phase of th is  ite ra t iv e  process is a market 
study regarding the history, the current market, and the expected 
potential of the desired commodity. The second phase of this proc­
ess is to provide an economic analysis regarding various possible 
scenarios.
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The f i r s t  part of th is  thesis provided a market review of the 
rare earth industry and the future outlook. The remainder of th is  
study w i l l  provide the economic analysis regarding d if fe re n t  scenarios 
in the rare earth industry. In order to perform th is  analysis, a model 
representing the rare earth industry w i l l  be constructed.
Cost Model Parameters
The increasing scale, complexity, and cost of mineral ventures 
requires an early and continuing assessment of project economics to 
ensure the e ffec tive  use of the lim ited  funds availab le . This assess­
ment process is accomplished by:
-  defining and developing the basic model,
-  estimating costs and revenues,
-  determining the return on investment for the basic 
model,
-  testing the sens it iv ity  of that return to changes 
in revenues, operating costs, capital requirements, 
financing arrangements, etc.
This section of the study w i l l  e n ta i l  the construction  of a 
base case model which w i l l  represent the entire  system (or rare earth 
industry) from deposit development through marketing the f in a l end
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product(s). This system w i l l  be divided into various units such that 
mining/milling and chemical processing w i l l  be considered separate 
units. Various un it  systems can be devised to allow economic evalua­
tions and s en s it iv ity  analyses to be performed in order tha t a company 
can determine what degree of vertica l integration is necessary or 
required to enter and maintain a profitab le  position in the rare earth 
industry.
The ju s t i f ic a t io n  of a unit-systern model is  based on the follow­
ing:
1) Companies can essentia lly  enter the processing stage 
of the system (foregoing mining and m ill in g ) and pro­
ceed through to the marketing stage, provided a raw 
material source is availab le ,
2) Economic rare earth deposits are lim ited ,
3) The nature of the chemical processing produces mul­
t ip le  end-products, many of which are marketable 
while others must be stockpiled.
Since the primary objective of this study is to determine what 
phase is most advantageous and pro fitab le  fo r  a company desiring entry 
in to  the ra re  ea rth  in d u s try , three  models w i l l  be developed to  
represent the industry. The f i r s t  model w i l l  consist of a mining and 
m ill ing  operation in which rare earth minerals are extracted, benefi-  
ciated, and sold as REO concentrate. The second model consists of a
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chemical plant which buys REO concentrate and, via solvent extraction  
and re fin in g , produces high-purity rare earth oxides and metals. The 
th ird  model is  a combination of mining, m ill in g , and chemical process­
ing where rare earth minerals are extracted, refined, and sold as a 
product mix of concentrates, intermediate products ( ie ,  mischmetal), 
and high-purity oxides and metals. Hence, these models can f a c i l i t a t e  
decision-making by systematically quantifying the costs and benefits  
associated with the development of new operations or the expansion of 
existing operations.
In order to construct these base case models, several project 
parameters must be quantified regarding geology, mining, metallurgy, 
marketing, pric ing, and financing. The reader should re fe r  to Table 14 
fo r  a more comprehensive l i s t  of c r i t e r i a  to  be considered when 
constructing mineral venture models.
Mining, M il l in g ,  and Chemical Processing Costs
Developing r e a l i s t i c  cost and revenue estimates fo r  p ro je c t  
modeling is c r i t ic a l  in establishing the c re d ib i l i ty  of the overall 
modeling process. Although p a rt ic u la r  costs such as labor, power 
rates, and transportation vary s ig n if ican tly  from mine to mine and 
country to country, an order-of-magnitude cost estimate w i l l  suffice  
fo r  i n i t i a l  p re fe a s ib il i ty -ty p e  economic evaluations such as exempli­
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magnitude cost estimate, a majority of the specific operating c r i te r ia  
as suggested in Table 14 are unknown. Nonetheless, reasonable e s t i ­
mates can be made based on the experience of the estimator and estab­
lished operating projects. In th is  manner, the company w i l l  have the 
opportunity to determine whether or not the proposed commodity w i l l  be 
a pro fitab le  venture before investing large sums of c a p ita l.
Although exploration plays an important role in every resource 
company, i t  w i l l  be assumed fo r  th is  study that a l l  land acquisitions, 
exploration, and reserve-development d r i l l in g  necessary to delineate  
an economic orebody have been completed. Cost estimates fo r  the three 
models w i l l  be based on the data presented in Table 15. These e s t i ­
mates w i l l  be based, to the extent possible, on actual rare earth 
op era tion s . When actual data was not a v a i la b le ,  reasonable cost  
estimates were provided, on an order-of-magnitude scale (plus or minus 
25 percent), by mining engineers from Climax Molybdenum Company. Costs 
from the actual operations are proprietary company information and 
w il l  be incorporated into the cost estimate without documentation. I t  
is  assumed th a t  these p ro jec ts  would be developed in the United  
States.
The capital and operating costs for the mining, m ill in g , and 
chemical processing of rare earths are presented in Tables 16 through 
18. All costs were updated to September 1980 do llars .
No models or cost estimates w i l l  be developed fo r  underground 
mines. There are now no rare earth underground mines in operation,
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Table 15 
Rare Earth Model Base Data








M il l  Processing:
Overall M ill Recovery: 




State and Federal Tax Rate: 
Chemical Processing:
3.5 m ill ion  metric tons 
8.0% REO 
Open P it  
1:1
500 MTPD ore 
350
175,000 MTPY 
2 0  years 
500 MTPD ore 
70%





Acid Leach, Solvent Extraction 
(For deta ils  regarding plant flow, 
see Chapter 3, Processing Section.)
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and in the unlikely  event that demand and prices skyrocket fo r what­
ever reason, i t  is  doubtful that any new rare earth underground mines 
w il l  be developed.
The m ining, m i l l in g ,  and chemical processing as depicted in  
Table 15 is  a small operation re la t iv e  to the mining industry in  
general. However, the model developed for th is  study would be consid­
ered a medium to large f a c i l i t y ,  compared to other rare earth opera­
tions. One could certa in ly  scale-up the existing model, but by doing 
so, one must bear in  mind th a t  the f a c i l i t i e s  would probably be 
operating a t a rate that is  less than economically desirable because 
the huge amount of additional concentrate that would become available  
could not be sold without severely depressing the concentrate price. 
The model size developed in th is  study is considered a reasonable size 
such that a company could develop the deposit, produce a saleable 
quantity of concentrate, and command a reasonable share of the market.
As pointed out e a r l ie r  in this thesis, there is a d i f fe re n t ia l  
demand for the various individual rare earth elements. Consequently, 
th is  creates a supply-demand imbalance among the rare earth elements 
mainly because of the nature of the extraction process. One element 
cannot be extracted without coproducing other rare earth elements of 
greater or lesser value. Hence, large surpluses of certa in  lanthanide 
elements ex is t for which there is l i t t l e  or no demand. This becomes an 
important point to consider when try ing to decide which one element or 
group of elements should bear the cost of the project. However, the 




Rare Earth Mine, M i l l ,  and Chemical Plant Capital Costs 
(Costs updated to September 1980 dollars)
MINE/MILL
Preproduction Development: $ 1,022,000
Buildings: 1,750,100
Machinery and Equipment: 13,955,700






Machinery and Equipment: 9,151,300
Replacement Capital (M & E): 2,000,000
$14,000,000
Preproduction Development: $ 1,460,000
Buildings: 3,314,100
Machinery and Equipment: 20,796,300




Rare Earth Mine/Mill and Chemical Plant Operating Costs* 
(Costs updated to September 1980 dollars)
MINE/MILL
100 Employees Required:
30 salaried, 70 general labor
Operating Cost/Year: $ 9,450,000
(Includes labor, supplies, and 
equipment operation)
($54.00/MT ore, $0 .4 4 /lb . REO)
CHEMICAL PLANT
60 Employees Required:
20 salaried, 40 general labor
Operating Cost/Year: $ 8,606,250
(Includes labor, supplies, and 
equipment operation)
Concentrate Plant Feed/Year: $13,500,000
60,000 lbs. REO/Day @ $0.45 /lb .
(Assume concentrate mix of bastnaesite 
and monazite)
Total Chemical Plant Operating Costs $22,106,250
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Table 18
Rare Earth Mine/Mi 11/Chemical Plant Operating Costs* 
(Costs updated to September 1980 dollars)
MINE/MILL/CHEMICAL PLANT
140 Employees Required:
40 salaried, 100 general labor
Operating Cost/Year: $13,162,500
(Includes labor, supplies, and 
equipment operation)
($75.21/MT ore, $0 .61 /lb . REO)
in fo rm atio n  regarding operating costs was based on information from 
Tom Cherrier of the Climax Molybdenum Co. (personal communication, 
1980) and actual rare earth mining operations.
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CHAPTER 7
A DISCOUNTED CASH FLOW RATE OF RETURN ANALYSIS 
FOR THE THREE RARE EARTH MODELS
Economic Evaluation
An economic analysis was performed on the three base case models 
using the discounted cash flow rate of return (DCFROR) and net pres­
ent value (NPV) methods. Both of these methods take into account the 
time value of money in order to provide a valid  measure of project 
p r o f i t a b i l i t y .
Cash flow schedules were prepared covering the models' en tire  
period including preproduction through to the la s t  year of production. 
The cash flow schedule is intended to show, on an annual and cumula­
t iv e  basis, the net flow of cash from the project's  operations. -The 
procedure for calculating annual cash flows is presented in Table 19.
A p r o je c t 's  NPV, when discounted using the f i r m 's  weighted  
average cost of c a p ita l ,  represents the amount by which the value of 
the firm should increase i f  the investment is  made. Thus, i f  the NPV 
is  positive , the firm 's value w i l l  increase and the project should be 
undertaken. I f ,  on the other hand, the NPV is negative, the firm 's  
to ta l value w i l l  decrease, and the project should be rejected.
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Table 19
Procedure for Calculating Annual Project Cash Flow
Sales Revenue
-  Operating Costs 





+ Tax Credits 







In a l ik e  manner, the pro ject's  DCFROR should be compared to 
the firm 's  weighted average cost of cap ita l.  (The weighted average 
cost of capital is  the sum of the weighted percentage of the firm 's
cost of equity and cost of debt.) I f  the DCFROR is greater than the
firm 's  cost of c a p ita l ,  then the project is  p ro fitab le  and should be 
undertaken. I f ,  on the other hand, the DCFROR is  below the cost of 
c a p ita l ,  the project should not be considered with respect to the 
current s ituation .
The relationship between DCFROR and NPV for a particu la r  project 
is that the DCFROR is  the discount rate at which the NPV of a series
of cash flows equals zero . G e n e ra lly , companies l i k e  to see the
results of several evaluation methods in addition to the DCFROR and 
NPV. However, DCFROR and NPV are regarded as the more va lid  measures 
of a pro ject's  p r o f i ta b i l i t y .  Hence, DCFROR and NPV w i l l  be presented 
fo r  the three rare earth industry models.
As with most evaluations, certa in  assumptions are a necessary 
requirement. I t  w i l l  be assumed that a large company is  evaluating the 
rare earth industry's investment potentia l. The firm 's average cost of 
capital is  1 2  percent.
Assume that the company has other taxable income against which 
to use project tax deductions and tax credits in the year incurred. 
This w i l l  enhance the pro ject's  economics somewhat since the tax 
benefits w i l l  be used early in the project's  l i f e .  Although th is  
approach is  not completely conservative, i t  is  a commonly used industry
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practice. The a lte rnative  approach would be to assume no other taxable 
income ex is ts . Hence, the negative taxable income and tax credits  
would be carried forward to use against the pro ject's  future income. 
This is the more conservative approach which would tend to decrease 
the overall economics of the project mainly because the tax benefits  
could not be taken early in the project's  l i f e .
I t  w i l l  be assumed that any escalation of capital and operating 
costs over the pro ject's  l i f e  w i l l  be o ffse t  by escalation of reve­
nues. Assume that a l l  appropriate assets w i l l  qualify  for the invest­
ment tax c red it .
For a l l  three rare earth industry models, assume two years for  
preproduction development and 2 0 -year project l i f e  with production 
beginning in the th ird  year. Working capital fo r  the mine/mill and 
mine/mi 1 1 /chemical plant models w i l l  be equivalent to three months of 
operating costs. Working capital for  the chemical plant model w i l l  be 
equivalent to four months of operating costs because of plant feed 
(concentrate) purchases and large supplies in inventory.
Revenue fo r  the m in e /m ill  model is  based on $0.70/1  b. sale  
of concentrate containing 70 percent REO. Revenue for the chemical 
plant model is  based on the sale of a combination of high-purity  
oxides and metals including lanthanum, cerium, samarium, gadolinium, 
yttrium , europium, and a variety of the heavy rare earths. Hence, 
the combined sales equate to approximately $35 m ill ion  per year. 
Revenue for the mine/mi 11/chemical plant model is  based on a product
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mix of one-third of the concentrate being sold to other chemical 
processors, while the remaining two-thirds is processed to interme­
diate and higher purity  products in the company's own chemical p lant.  
Hence, the combined sales equate to approximately $27 m ill ion  per 
year. The reasons fo r  variations in the product-mix sales w i l l  be 
explained in a la te r  chapter on market strategy.
The depletion allowance w i l l  be used in the mine/mill and mine/ 
mi 11/chemical plant models, but not in the chemical plant model. The 
chemical plant is not e l ig ib le  fo r  the depletion allowance because the 
p la n t  does not own an economic in te r e s t  in  a ra re  earth  mineral 
deposit.
Based on the data presented in Tables 15, 16, 17, 18, and the 
aforementioned assumptions, the following results were obtained for  
the DCFROR, NPV, and payback period:
Mine/Mill Chem/Plant Mine/Mi 11/Chem Plant
DCFROR 39.12 33.99 32.10
NPV 0 12%






The th ree  base case models' annual cash flow c a lc u la t io n s  w ith  
re s u lt in g  NPV (0 12%) and DCFROR are i l l u s t r a t e d  in  Appendix C. 
The three rare earth models presented in th is  study are a l l  econom­
ic a l ly  feasib le . All three projects exceed the company's minimum rate  
of return. The payback period is  presented as a financial tool rather  
than an economic evaluation too l. The payback results indicate that  
the company would rece ive  t h e i r  money back on the p ro je c ts  in  a 
re la t iv e ly  short time. The payback period is  an adequate financial 
tool to determine whether or not the company w i l l  go broke before the 
project commences. However, payback should not be used as an economic 
evaluation tool because i t  neglects the time value of money and the 
remaining cash flows in the pro ject's  l i f e  beyond the payback period.
Although the re s u lts  of the three  base case models in d ic a te  
that the base case projects were economically feasib le , there are many 
uncertainties that must be addressed in project analyses. The pro j­
ec t 's  vu ln erab ility  to the impact of contingencies that could occur 
before or a f te r  the s ta r t  of operations should be investigated. A 
s e n s it iv ity  analysis is  recommended for th is  purpose and w il l  be 
conducted in the following section.
S ens it iv ity  Analysis
Mineral projects are p a rt icu la r ly  vulnerable to changing condi­
tions by v irtue  of the scale of investment and the time lag between
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expenditure and recovery. S ens it iv ity  analysis allows one to determine 
how an investments p r o f i ta b i l i t y  is affected by a variation in the 
base case parameters. This approach provides the company with another 
useful evaluation tool to analyze th e ir  investments. When a project's  
economic results meet the company's minimum economic standards fo r the 
most pessimistic case, then obviously the project would be a good 
investment. On the other hand, when the most optimistic case fa l ls  
below the company's minimum economic standards, project investment 
should be delayed until the necessary conditions improve.
For the th ree  models presented in th is  study, one parameter 
was varied within a specified range while a l l  other factors were 
held constant. The parameters which were varied include revenue, 
operating costs, and capital costs. The parameters were increased and 
decreased in a 50 percent range. The results of these analyses are 
presented in Table 20 and Figures 6 through 8 .
The results indicate that in a l l  three cases, the models' reve­
nues have the most s ign if ican t impact on the returns available to the 
company. The return, on the other hand, is not as sensitive to changes 
in capital and operating costs except in  the chemical plant model. The 
chemical plant model's return is  highly sensitive to the change in 
operating costs. Hence, more time should be spent determining project 
revenue estimates and operating costs associated with the chemical 
plant model i f  the firm considers these parameters s ign if icant in the 
overall evaluation. Obviously, one would consider revenues reasonably 
s ig n if ican t.
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Before making a conclusion th a t  the th ree  ra re  earth  models 
presented would be a profitab le  investment, i t  would behoove the 
company to conduct a market s tra tegy  a n a ly s is .  This ana lys is  is  
provided in the following chapter.
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Table 20
DCFROR Sensitiv ity  Results for the Base Case Models
(Percent)
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Figure 8. DCFROR S e n s itiv ity  Analysis fo r  the




The economic evaluation presented in the previous chapter has 
an underlying assumption that 100 percent of the product produced w i l l  
be sold. In essence, the s en s it iv ity  analysis allows fo r some devia­
tion from th is  basic assumption by varying the revenue. However, the 
sen s it iv ity  analysis indicated that the project's  rate of return was 
s ig n if ican tly  sensitive to changes in revenue. Hence, an analysis of 
the rare earth market in conjunction with the economic evaluation and 
s e n s it iv ity  analysis would provide the company with a market strategy 
in which p r o f i ta b i l i t y  could be maximized per investment do lla r .
As pointed out e a r l ie r  in  the rare earth supply/demand scenario, 
there exists a substantial underutilization of mine capacity. I f  
demand increases faster than predicted, i t  would seem reasonable 
to assume that existing mine operations could supply this incremental 
amount of concentrate supply much more readily and with less capital 
investment than a new producer. As shown in the sens it iv ity  analysis, 
i f  mine/mi 11 revenues decreased 50 percent (or only ha lf  of the tota l 
production is  sold, which is  a very re a l is t ic  case in the rare earth  
industry), the mine/mill model is  no longer economic.
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The h ig h -p u r ity  ra re  earths produced by the chemical p la n t ,  
on the other hand, have the highest growth p o te n tia l. Although the 
chemical p la n t model re s u lte d  in  a lower NPV (@ 12%) and DCFROR 
than the m ine/m ill model, there appears to be less risk associated 
with declining revenues in the chemical p lant model than the mine/mill 
model. Based on the market outlook presented e a r l ie r  in  th is  study 
regarding high-purity  rare earths, and the fac t th a t the product mix 
of the chemical p lant could expand to include more rare earth products, 
lends positive indications th a t the chemical p lant revenues would tend 
to increase rather than decrease, thus enhancing the economic resu lts . 
However, i t  should be pointed out th a t the rate  of return fo r the 
chemical p lant model was sensitive to large variations in  the operat­
ing costs. In view of the foregoing discussion, i t  would seem th at the 
potential increase in  revenues in  the chemical p lant model would 
o ffs e t any expected increase in  operating costs. In order to te s t th is  
assumption, additional s e n s itiv ity  analyses would be required.
The mine/mi 11/chemical p lant model was basically  presented to 
show the resu lts  of a v e rt ic a lly  integrated operation. The economic 
resu lts  indicated th a t the model was an economically feasib le  venture 
which was the le a s t sensitive to changes in revenue, operating and 
capita l costs when compared to the other two models. The main point a 
company must consider is  whether or not a captive mine source is  
desired. Also the company should investigate i f  the additional invest­
ment fo r the mine/mi 1 1 /chemical p lant over the other two models is  




An analysis of the rare earth industry was conducted to determine 
i f  a company could enter and maintain a p ro fitab le  position w ithin the 
rare earth industry. This analysis was accomplished by 1) evaluating  
the h is to rica l and current rare earth industry and forecasting the 
future supply/demand and market potential of rare earths, and 2 ) by 
developing a base case model in which economic evaluations and sensi­
t iv i t y  analyses were performed using the discounted cash flow rate  of 
return (DCFROR) and net present value (NPY) methods.
In regard to the market analysis, the follow ing conclusions were
made:
1. Reserve and production c a p ab ilities  are such that West­
ern World supplies could sa tis fy  market requirements fo r  
the foreseeable fu tu re .
2. Current rare earth concentrate production from the two 
principal minerals, bastnaesite and monazite, is  s ig n i­
f ic a n tly  below existing  capacity.
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3. The h igh -pu rity , separated rare earths and m etallurgical 
additives have a higher growth potential than the growth 
potential of concentrates and intermediate compounds.
Three rare earth models were developed which included a m ine/mill 
model, a chemical p lant model, and a mine/mi 1 1 /chemical p lant model. 
Capital and operating cost estimates were included with each model in  
order th a t economic and s e n s itiv ity  analyses could be conducted. The 
results of the economic analysis indicated th a t, based on a minimum 
rate  of return of 1 2  percent, a l l  three models were economically 
fe as ib le . However, the s e n s itiv ity  analysis showed that a ll  three 
models' ra te  of return was s ig n ific a n tly  sensitive to changes in 
revenue. Changes in capital and operating costs had less of an impact 
on the rate  of return except in  the chemical p lant model. Changes in  
the operating costs in the chemical plant model s ig n ific a n tly  in f lu ­
enced the rate  of return .
In view of the impact revenue changes had on the models' ra te  
of return , a market strategy analysis was conducted. In regard to th is  
analysis, the follow ing conclusions were made:
1. The m ine/m ill operation would probably have to operate 
a t an economically undesirable rate below capacity 
because of the downward pressure on prices from excess 
concentrates on the market.
2. The chemical plant operation has the best potential in  
maintaining or increasing p ro fits  with the leas t amount 
of risk involved.
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3. The mine/mi 11/chemical plant option is  va lid  only i f  
a company requires a captive mine source.
In reviewing the foregoing discussion, i t  can be concluded that 
a low o p era ting  cost prim ary ra re  earth  mine w ith  a s u b s ta n tia l 
reserve base is  not necessarily advantageous fo r a successful entry 
in to  the ra re  ea rth  in d u s try . Conversely, a ra re  earth  chemical 
processing p la n t would be an e sse n tia l elem ent fo r  en te rin g  and 
maintaining a p ro fita b le  position w ithin the rare earth industry.
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APPENDIX C. CASH FLOW DIAGRAMS FOR THE 
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